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Abstract 
A simple and straightforward approach to lower the influence of the ohmic and non-generation losses caused by the lateral carrier 
transport within the front side TCO on the efficiency of monofacial SHJ cells is discussed. It is shown by 2D numerical device 
simulations for a high, medium and low mobility TCO that by simply flipping the emitter from the front-side to the rear-side the 
lateral carrier collection at the grid electrode can be improved. An additional lateral transport path via the absorber leads to the 
fact that the effective Rsheet of the front can be lower than the actual Rsheet of the applied TCO. In conclusion, fewer restrictions for 
the choice of the front side TCO and the design of the front side metal grid electrode are observed. Depending on the 
optimization route, this allows for higher efficiencies or the application of more economical TCOs.  
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1.  0BIntroduction 
The efficiency of SHJ devices is typically dominated by a pronounced trade-off between the optical and electrical 
losses at the front side. This is explained by both 1D and 2D effects. 1D effects are basically originating from the 
challenge of optimizing the silicon thin films (SiTFs) at the front towards a high Jsc. The increase of Jsc by reducing 
the SiTF thickness [1] or increasing its transparency [2] typically comes at the cost of FF and Voc. Unlike for high 
efficiency homo junction devices which are characterized by complex 2D and 3D features (local diffusions, contact 
openings) for monofacial SHJ cells a 2D transport is caused only by the local metal grid electrode at the front, more 
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precisely its pitch (see Figure 1). With increasing pitch the shading from the metal grid electrode is reduced (higher 
Jsc) but the requirements on the lateral transport within the solar cell become more stringent (lower FF). The 
common approach to balance these opposing requirements and maximize the efficiency is to carefully adapt both the 
sheet resistance (Rsheet) of the TCO electrode and the pitch of the metal electrode. However, lowering Rsheet = 
1/(q·n∙μ·t) of the TCO comes at the cost of Jsc especially if the free carrier density (n) rather than the mobility (μ) of 
the TCO is increased [3]. Utilizing the lateral conductivity of the absorber by placing the high/low junction at the 
front side and the p/n junction at the rear [4], [5], [6] has the potential to lower the power losses caused by the 2D 
transport as compared to the conventional front emitter design. This is explained by the fact that the lateral transport 
is partly shifted from the TCO into the absorber (see Figure 1). In terms of 2D effects this distinguishes this rear 
emitter (RE) design from the conventional front emitter (FE) design and opens up more degrees of freedom for the 
device design. However, for the RE design reduced 1D losses are expected as well. This is attributed to the fact that 
the optimization of the n-SHJ is typically less demanding as compared to the optimization of the p-SHJ (lower 
doping efficiency, higher defect density, etc.). Having the more complex p-SHJ at the non-illuminated rear allows 
for concentrating on the optimization of its electrical properties whereas the trade-off between the optical and 
electrical properties for the n-SHJ at the front is less stringent.  
 In this work we will concentrate on the 2D effects. First, it is shown experimentally that in the dark the FE and 
RE can be well described by the series and parallel connection of the TCO and the absorber (shown in Figure 1), 
respectively. Then, the higher FF for the RE cells is experimentally proven. Finally, FE and RE cells are compared 
on the basis of 2D numerical device simulations focusing on the interplay between the optical and electrical 
properties of the TCO and its influence on the efficiency.  
2. 1BExperimental  
2.1.  Four-point probe measurements: parallel / series connection of TCO and absorber 
Four point probe measurements are a common method to determine the sheet resistance of a certain layer [7]. To 
insure that the measurement probes only the lateral conductivity of the layer an insulating substrate is applied or a  
                
                                                        
Fig. 1. Top, sketch of simulated and experimentally investigated cell structures. Bottom simulated current density within the absorber for MPP 
conditions indicating that a large part of the lateral transport is shifted from the TCO (not visible) into the absorber. The series and parallel 
connection between the absorber and the TCO for the FE and RE design is indicated as well.  
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depletion region insulates the layer from the conductive substrate underneath. In the case of an SHJ structure the 
TCO is representing the conductive layer and the c-Si absorber the conductive substrate. This is illustrated in Figure 
2. The Schottky contact formed between the TCO and the doped SiTF and the p/n or high/low junction that is 
induced into the absorber define to which extend the TCO and the absorber are electrically coupled. A p/n junction 
insulates the TCO from the absorber which means that the measured Rsheet corresponds to that of the TCO. For a 
high/low junction such an insulating depletion region is not induced into the absorber which allows for the parallel 
connection of the TCO and the absorber. A pronounced Schottky barrier is expected to impede the vertical transport 
and thus the coupling of the TCO and the absorber for the parallel connection as well.  
Figure 2 shows the Rsheet measured at the front side of unmetalized RE structures (Rsheet, RE) and FE structures 
(Rsheet,FE) with a moderately doped AZO or a highly, moderately and very lowly doped ITO. The dashed lines are 
representing Rsheet,c-Si which follows from the dark resistivity of the absorber (dark, c-Si) and its thickness. The stars 
are representing Rsheet║ = 1/((1/Rsheet,FE) + (1/Rsheet,c-Si) which describes the sheet resistance expected for a parallel 
connection of the TCO and the absorber. The measurements for the ITO samples have been performed on absorbers 
featuring a dark resistivity of 1 Ωcm (red symbols) and 5 Ωcm (black sysmbols), for AZO for 1 Ωcm only. The blue 
crosses correspond to values where a doped a-Si:H is omitted and the Schottky barrier between the TCO and the 
undoped a-Si:H as well as the corresponding induced junction define the coupling to the absorber.  
Looking at the three ITOs the measured values can be well described by the parallel and series connection for the 
RE and FE, respectively. Rsheet,FE is increasing as it is expected from the selected deposition parameters of the TCO 
and is in good agreements with the values measured on glass (not shown). In addition to this Rsheet,FE is independent 
of the absorber dark resistivity. Both facts show that for this configuration the measured Rsheet is representing the 
lateral conductivity of the TCO. For the RE structures the measured Rsheet follows the behavior expected from a 
parallel connection. Rsheet,RE is approaching Rsheet,c-Si with increasing resistivity of the TCO (Rsheet,FE) and for the ITO 
samples the calculated Rsheet║ matches the measured Rsheet,RE very well. For AZO the measured Rsheet for the RE 
configuration is above the expected value. This is most likely explained by the Schottky contact which is more 
pronounced for the AZO than for the ITO samples preventing an efficient vertical transport. For the samples where a 
doped a-Si:H is omitted the characteristics follows that of the FE. This is explained by the effective work function of 
the TCOs which are expected to be close to midgap of the c-Si absorber [8]. The corresponding Schottky barrier 
penetrates into the absorber resulting in a depleted or even inverted absorber region which is blocking the current 
from the TCO into the absorber. The formation of such an induced junction is well known from MIS and SIS 
devices [9] (and it should be noted that the ways in which the induced p/n and high/low in SHJ cells are formed 
show many similarities). 
 
 
 
Fig. 2. Left, schematics of the parallel connection between the TCO and the absorber and the four-point probe. Right, results from four-point 
probe measurements on the front side of FE and RE structure. More details in the text.  
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It also should be noted that the observed experimental behavior is similar to the measurement of Rsheet of diffused 
or implanted p/n and high/low homo-junctions.  
Regarding the previous presented results it should be considered that the current flow in the device under 
operation and under illumination is in the opposed direction and that the current paths are different as well. 
However, the results illustrate that for a reduced lateral conductivity of the TCO with a high/low junction 
underneath an additional transport via the absorber facilitates the lateral carrier transport. This means that for MPP 
conditions the voltage drop in the TCO electrode is lower [6] which reduces the ohmic and non-generation losses. 
The interplay between the TCO conductivity and the pitch under operation conditions are investigated in the 
following.  
2.2. Fill factor of FE and RE cells   
The influence of the pitch and Rsheet of the front side TCO on the FF can be seen in Figure 3 where the difference 
between the pFF from Suns-Voc and the FF from J-Vlight measurements is shown. For more details it is referred to 
Ref [6]. The slope of the data is representative for the FF reduction from the ohmic and non-generation losses 
caused by the 2D carrier transport. The FF loss increases with the pitch and Rsheet for all structures but this loss is 
less pronounced for the RE. The results are summarized in the Table in Figure 3. For an Rsheet of 70 Ω/sq the FF gain 
for the RE structure and a pitch of 2 mm amounts to 0.3 %, for an Rsheet of 340 Ω/sq a gain of 2.0 % is observed. The 
corresponding reduction of the slope for the RE cells can be seen as well. Qualitatively, this behavior is reflecting 
the findings from the previous section of a parallel connection between the TCO and the absorber for the RE design. 
Accordingly, the RE design can improve FF but this only holds if the 2D transport is limiting the FF of the 
corresponding FE design. Thus, for a very low Rsheet and/or a small pitch the lateral transport is not further improved.    
3. 2BSimulation  
3.1. Setup 
Simulations have been performed with Sentaurus TCAD. Identical properties of the p-SHJ and the n-SHJ have 
been assumed to concentrate on the 2D effects. Therefore, the FE and RE cells are distinguished only by the position 
of the p/n and high/low junction as it is illustrated in Figure 1. A absorber dark resistivity of 5 Ωcm is assumed, 
more details are given in Ref [6]. 
 
 
 
 
 
 
 
 
Rsheet,glass pFF-FF2mm 2D FF loss 
(Ω/sq) (%) (%/mm) 
FE 
70 
2.0 0.7 
RE 1.7 0.4 
FE 
340 
4.8 2.1 
RE 2.8 1.3 
 
Fig. 3. Left, experimental dependence of pFF-FF on the pitch for FE and RE devices featuring a highly and lowly doped ITO at the front and an 
5 Ωcm absorber. Right, the corresponding  FF loss for a pitch of 2 mm and the slope of a  linear fit to the pFF-FF data in the left graph. 
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3.2. High, medium and low mobility TCOs 
In Figure 4 the simulated cell output parameters as a function of the pitch of the grid electrode for a high, two 
medium and a low μ TCO are compared. In general, the Voc is not affected and the Jsc increases by about 2 mA/cm² 
with increasing pitch. The JSC is about 0.1 mA/cm² lower for the RE cells. The FF is defined by the Rsheet of the 
TCO and whether a RE or FE design is applied. For a high μ TCO (IO:H, black) excellent optical and electrical 
properties can be combined [10]. The high μ allows for a low free carrier density without compromising on Rsheet. 
Thus, a high JSC is maintained and the very low Rsheet of 43 Ω/sq allows for an efficient 2D transport even for a FE 
device. The highest FF is reached with this TCO and the drop of the FF with increasing pitch is lower as compared 
to the other TCOs which are featuring a higher Rsheet. For such a low Rsheet the gain in efficiency is negligible for the 
RE design. However, a wider maximum of the efficiency is observed as for a higher pitch the transport via the 
absorber becomes more efficient assisting the lateral carrier collection at the front. It is shown experimentally in Ref 
[5] that the application of the RE design can be beneficial even for a high μ TCO (IWO, μ > 80 cm²/Vs [11]). In 
general, the optimum Rsheet of a TCO will be shifted to higher values with decreasing mobility. This is explained by 
the fact that a lower mobility cannot be compensated by the corresponding increase of the free carrier density 
without generating significant optical losses [1]. Hence, it is clear that the RE design will be more beneficial for 
such TCOs. For the medium μ TCOs (ITO, green and blue) and the low μ TCO (AZO, red) a significant increase in 
FF and efficiency is observed. It is noteworthy that for the lowly doped ITO (green) the efficiency can be improved 
to the level of the high μ TCO despite its much lower mobility. For the indium free AZO the efficiency is increased 
by about 0.25% absolute and as the maximum is shifted to higher pitches the reduced amount of fingers will lower 
the metal consumption as well. 
4. 3BSummary 
It has been shown that by simply flipping the p/n junction of SHJ cells from the front to the rear fewer restrictions 
for the choice of the front side TCO and the design of the front side metal grid electrode are observed. With the 
high/low junction at the front the power losses caused by the 2D carrier collection can be reduced as the lateral 
conductivity of the absorber is utilized opening up an additional transport path. The trade-off between optical and 
 
 
Fig. 4. Simulated cell output parameters as a function of the pitch for FE and RE devices and three different front side TCOs. Optical and 
electrical data for ITO and AZO are from in-house layers and for IO:H adapted from [10].    
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electrical bulk properties of the TCO is less pronounced which translates into lower demands either on the pitch, on 
the TCO mobility or the free carrier density. A reduced free carrier density allows for a higher JSC without 
compromising on the FF (or vice versa) and thus results in an increased efficiency. In contrast the use of indium free 
TCOs with a lower mobility is expected to be of economic interest.  
Future work will discuss the influence of the actual absorber conductivity on the lateral transport for highly and 
lowly doped absorbers, evaluate the potential of AZO as a front side TCO and the potential of the RE design to 
lower the 1D losses.  
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